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Polycrystalline Mn-doped, Nb-doped, and pure BiFeO3 BFO films were fabricated via chemical
solution deposition CSD method. Influence of Mn and Nb dopants on electric properties of BFO
films were studied. The current density versus electric field J-E characteristics indicated that
conduction mechanisms of Mn-doped, Nb-doped, and pure BFO films annealed at 500 °C were
Ohmic conduction, grain boundary limited conduction, and space charge limited conduction,
respectively. The effect of Mn and Nb dopants on electric properties of BFO films was interpreted
by defect chemistry and chemical reaction in the CSD process. The Nb dopant is effective in
improving electrical properties of CSD-derived BFO films, while Mn is harmful in this respect.
© 2006 American Institute of Physics. DOI: 10.1063/1.2214138Multiferroic BiFeO3 BFO has been discovered since
the 1960s.1 However, material characteristics and physical
properties of BiFeO3 are still controversial. During the past
few years, progress on thin film growth techniques, such as
pulse laser deposition PLD,2–8 metal-organic chemical va-
por deposition9 MOCVD, and chemical solution deposition
CSD,10–13 provided new data for the understanding of
physical properties of BFO thin films. Recently, multiferroic
BFO has attracted enormous attention due to its potential
applications in advanced magnetoelectric devices and ferro-
electric random access memories. BFO has a distorted per-
ovskite structure with rhombohedral symmetry which be-
longs to the R3c space group.14,15 The distinctive feature of
BFO is the simultaneous existence of ferroelectric order
TC=1123 K and antiferromagnetic order TN=643 K at
room temperature.16,17
Roginskaya et al.1 and Wang et al.3 demonstrated ferro-
electricity with dramatically high remnant polarization value
of epitaxial BFO thin film. However, no details of leakage
current characteristic were reported. One of the major prob-
lems of BFO materials is their large leakage current densi-
ties. It limits the application of the BFO materials. The rela-
tively large leakage current density of BFO film is usually
attributed to the variable oxidation state of iron ions Fe3+ to
Fe2+,18 which are resulted from charge compensation of
oxygen vacancies. The coexistence of Fe3+ and Fe2+ pro-
duces electron hopping which increases leakage current. Ac-
cording to defect chemistry theory, charge compensation via
aliovalent-ion doping affects the oxidation state of iron and
the concentration of oxygen vacancies, which further influ-
ences the leakage behaviors of BFO films. Qi et al. reported
the effects of Ni2+- and Ti4+-doped BFO films on conduction
mechanism using PLD technique.19 The experimental results
indicated the great influence of dopants and identified two
kinds of leakage mechanisms.
After our preliminary study, low leakage current BFO
films fabricated by CSD method were obtained. In order to
further identify the conduction mechanism of CSD-derived
BFO films, different substitutive ions were added. In this
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Mn-doped, Nb-doped, and pure BFO films were fabri-
cated using CSD process via carboxylate precursor system.
Bismuth acetate, iron acetylacetonate, manganese acetate,
and niobium ethoxide were used as starting materials. Propi-
onic acid was chosen as the solvent and 2-methoxyethanol
was chosen as an additive to adjust the solution viscosity.
5 mole % of excesses bismuth acetate was used to compen-
sate the Bi loss during high temperature annealing. Precursor
solutions with compositions of Bi1.05Fe0.98
Mn0.02O3, Bi1.05Fe0.95Mn0.05O3, Bi1.05Fe0.9Mn0.1O3,
Bi1.05Fe0.95Nb0.05O3, and Bi1.05FeO3 were synthesized. De-
tails of processes on precursor synthesis and film preparation
had been described elsewhere.20 The final thickness of films
after annealing was about 200 nm. Pt top electrodes with
100 m diameter were deposited on BFO films by rf sput-
tering to obtain the metal-insulator-metal MIM structures.
Crystal structures of BFO films with different dopants
were determined by x-ray diffraction XRD. Figure 1a
represented the XRD patterns of 5% Nb-doped, 5% Mn-
doped, and pure BFO films annealed at 500 °C for 10 min,
indicating that pure perovskite with polycrystalline structure
was formed without any second phase. The diffraction peaks
were indexed by the pseudocubic structure. All BFO films in
this investigation crystallized into perovskite structure even
at annealing temperature as low as 350 °C. The effect of the
FIG. 1. The effect of a different dopants and b the amount of Mn on
XRD patterns.
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Downlamount of Mn dopant on XRD was shown in Fig. 1b. It
suggested that second phases, such as Bi2O3 or Bi2Fe4O9,
were absent in the BFO films even when the annealing tem-
perature increased to 600 °C. No second phase appearred
when the amount of the Mn dopant increased to 10%.
Figures 2a, 2b, and 2c showed the scanning electron
microscopy SEM images of pure, 5% Nb-doped, and 5%
Mn-doped BFO films annealed at 500 °C, respectively. The
morphologies were dense and uniform, which further sup-
ported the absence of second phases as observed in XRD
analysis. The SEM images indicated that Nb and Mn dopants
significantly decreased the grain sizes of BFO films. Nio-
bium ion plays a role of donor in BFO because it possesses a
higher valence than Fe. One of the defect chemistry models
in accordance with Ref. 19 for Nb5+ 0.064 nm doping of
Fe3+ 0.069 nm sites is that donors suppress the formation
of oxygen vacancies. The decrease of grain size of Nb-doped
BFO films can be interpreted by the suppression of oxygen
vacancy concentration, which results in slower oxygen ion
motion and consequently lower grain growth rate. As for Mn,
the bonding of acetic ligand and metal atom in metal car-
boxylate is usually strong and stable. Bi–O–Mn oxolate re-
action hardly occurred in the thin film solidification step.
Manganese acetate decomposed to manganese oxide at the
pyrolysis procedure. The transient manganese oxides decom-
posed from manganese acetate may act as heterogeneous
nucleation sites for perovskite phase, which results in grain
size reduction.
The Mn and Nb dopants do not have significant effect on
crystal structure and microstructure of BFO films. However,
electrical properties of Mn-doped, Nb-doped, and pure BFO
films fabricated by CSD method showed remarkable differ-
ence. Figure 3 displayed frequency-dependent dielectric be-
havior of pure and doped BFO films annealed at 500 °C. The
Mn- and Nb-doped BFO films had higher relative dielectric
constants than pure BFO films. The relative dielectric con-
FIG. 2. SEM photographies of a pure, b 5% Nb-doped, and c 5%
Mn-doped BFO films annealed at 500 °C.FIG. 3. Dielectric properties of BFO films annealed at 500 °C.
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the Mn dopant. The relative dielectric constant of Nb-doped
BFO films demonstrated only slight dispersion with fre-
quency, which was similar to pure BFO films. In contrast,
Mn-doped BFO films showed significant frequency-
dispersion behavior. The 10% Mn-doped BFO films had
highest relative dielectric constant and dielectric loss at low
frequency among all BFO films. Figure 3b illustrated the
change of dielectric loss with frequency. All BFO films
showed similar tan  values at 1 MHz. The tan  values of
the Mn-doped BFO films increased significantly with de-
creasing frequency and increasing amount of the Mn dopant.
This phenomenon implied that defect chemistry of Mn-
doped and Nb-doped BFO films was different.
In order to identify the influence of different dopants, the
J-E characteristics of BFO films annealed at 500 °C were
measured and shown in Fig. 4 using logarithmic plot. The
J-E curves of pure BFO films showed space charge limited
conduction behavior in the range of high electric field and
could be well fitted with the modified Langmuir-Child law
before a rapid rising region shown in the insert of Fig. 5,
which corresponded with that proposed by Qi et al.19 How-
ever, the magnitude of leakage current of pure BFO films
observed in this work was about 105 lower than that reported
by Qi et al. Compared with pure BFO films, Mn-doped and
Nb-doped BFO films exhibited different leakage behaviors
which matched their dielectric properties. Mn-doped BFO
films exhibited Ohmic conduction behavior during the whole
measurement region. The electric conductivity of Mn-doped
BFO films increased with the increasing amount of the Mn
dopant. On the other hand, Nb-doped BiFeO3 films annealed
at 500 °C showed grain boundary limited behavior with the
fact that the slope of log J vs log E plot was less than unity in
the low electric field region. The fitting curves were illus-
trated in Fig. 5.
FIG. 4. J-E curves of BFO films annealed at 500 °C.FIG. 5. Fitting of J-E curves of BFO films annealed at 500 °C.
ense or copyright; see http://apl.aip.org/about/rights_and_permissions
242909-3 Chung, Lin, and Wu Appl. Phys. Lett. 88, 242909 2006
DownlAccording to defect chemistry, substitution of ions with
higher valence for Fe3+ ions in BFO films is expected either
to eliminate oxygen vacancies or to increase the conversion
of Fe3+ to Fe2+.19 In this study no Fe2+ signals were found in
the x-ray photoemission spectroscopy XPS analysis. It is
reasonable to conclude that doping of Nb5+ decreases the
concentration of oxygen vacancies, which is able to decrease
leakage currents. In addition, doping of Nb decreases the
grain size of perovskite so significantly that leakage occurs
through grain boundary paths. The Nb-doped BFO films an-
nealed at 500 °C demonstrated lowest dielectric loss among
all BFO films and exhibited grain boundary limited conduc-
tion behavior due to the significant decrease of oxygen va-
cancies and grain size.
On the other hand, doping of Mn3+0.072 nm, which
has the same valence and similar ionic size to
Fe+30.069 nm, is not expected to influence the concentra-
tion of point defects in BFO films. The electrical properties
of Mn-doped BFO films, which exhibit high-loss Ohmic con-
duction behavior and high dielectric loss at low frequency
region, demonstrate that other changes take place. The XPS
analysis of the Mn-doped BFO films was performed to de-
termine the valence of Mn ions. The Mn 2p3/2 peak of the
Mn-doped BFO films locates at round 641.45 eV, with a
weak shoulder at 640 eV. The 2p3/2 peaks of Mn2+, Mn3+,
and Mn4+ ions in oxides are located at 641.0, 641.5 and
641.7 eV, respectively. According to the XPS results, the Mn
ions in the Mn-doped BFO films are mainly Mn3+. Some Mn
ions may appear as Mn+20.081 nm, which is able to occupy
the site of Fe3+. The existence of Mn2+ increases the concen-
tration of oxygen vacancies, explaining the increase of leak-
age currents and dielectric loss with the addition of Mn
dopants.
The ferroelectric characteristics of pure and Nb-doped
BFO films annealed at 500 °C were shown in Fig. 6. No
polarization–electric-field P-E curve could be obtained in
the Mn-doped BFO films due to their poor leakage behav-
iors. The pure BFO film showed high saturated Ps and
remnant polarizations Pr of 100 and 28 m/cm2, respec-
tively. The P-E hysteresis loop of the pure BFO film in Fig.
6 shows a clear sign of saturation and has a quite different
shape from what have been reported previously, e.g., Wang
et al.2 and Yun et al.6 It shows a much smaller coercive field
and a reduced remnant polarization. This is probably due to
the orientation and the lattice symmetry of the perovskite
grains in the pure BFO films. The BFO films reported by
Wang et al.2 were 001 epitaxial, while those reported by
Yun et al.6 displayed more x-ray diffraction peaks than ours.
FIG. 6. P-E curves of BFO films annealed at 500 °C.The P-E hysteresis loop of the pure BFO film here probably
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pared at low temperature by the CSD method. Compared
with those reported in literature, the polarization values are
very good. The P-E loop was actually not closed because the
applied field for P-E measurement was very high, up to
450 kV/cm and the frequency was 1 kHz. The leakage cur-
rent of pure BFO films increases rapidly when the applied
filed is higher than 100 kV/cm. The Nb-doped BFO film
displayed better ferroelectricity than the pure one, but higher
voltages were required to obtain saturated P-E curves. The
larger P-E curves of Nb-doped BFO films were consistent
with the decrease of the concentration of oxygen vacancies
according to defect chemistry.
In conclusion, Mn-doped, Nb-doped, and pure BFO
films were fabricated by chemical solution deposition
method. The XRD analysis and SEM observation showed
that all BFO films possessed pure perovskite phase with
dense and smooth surfaces. Nb and Mn dpoants decreased
the grain sizes of BFO films. Electric properties measure-
ment illustrated remarkable difference in leakage behaviors
of doped BFO films. The Mn dopant was harmful to electric
properties of BFO films, while the Nb dopant was effective
in improving those of BFO films. The J-E curves indicated
that conduction mechanisms of Mn-doped, Nb-doped, and
pure BFO films annealed at 500 °C were Ohmic, grain-
boundary limited, and space-charge limited conductions, re-
spectively. Defect chemistry and chemical reaction during
CSD process were able to explain the electric properties
caused by Mn and Nb dopants.
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